The replication terminator protein (RTP) of Bacillus subtilis interacts with its cognate DNA terminators to cause replication fork arrest, thereby ensuring that the forks approaching one another at the conclusion of a round of replication meet within a restricted terminus region. A similar situation exists in Escherichia coli, but it appears that the fork-arrest systems in these two organisms have evolved independently of one another. In the present work, RTP homologs in four species closely related to B. subtilis (B. atrophaeus, B. amyloliquefaciens, B. mojavensis, and B. vallismortis) have been identified and characterized. An RTP homolog could not be identified in another closely related species, B. licheniformis. The nucleotide and amino acid changes from B. subtilis among the four homologs are consistent with the recently established phylogenetic tree for these species. The GC contents of the rtp genes raise the possibility that these organisms arose within this branch of the tree by horizontal transfer into a common ancestor after their divergence from B. licheniformis. Only 5 amino acid residue positions were changed among the four homologs, despite an up to 17.2% change in the nucleotide sequence, a finding that highlights the importance of the precise folded structure to the functioning of RTP. The absence of any significant change in the proposed DNA-binding region of RTP emphasizes the importance of its high affinity for the DNA terminator in its functioning. By coincidence, the single change (E30K) found in the B. mojavensis RTP corresponds exactly to that purposefully introduced by others into B. subtilis RTP to implicate a crucial role for E30 in the fork-arrest mechanism. The natural occurrence of this variant is difficult to reconcile with such an implication, and it was shown directly that RTP.E30K functions normally in fork arrest in B. subtilis in vivo. Additional DNA terminators were identified in the new RTP homolog-containing strains, allowing the definition of a Bacillus terminator consensus and identification of two more terminators in the B. subtilis 168 genome sequence to bring the total to nine.
It is increasingly apparent that the presence of a system to arrest DNA replication is not solely confined to prokaryotic organisms such as Bacillus subtilis and Escherichia coli. The detection of a DNA replication arrest system in the EpsteinBarr virus (12) and more recently in a murine ribosomal DNA (rDNA) system (13) strongly suggests an evolutionary advantage in possessing one. In the murine rDNA system, the advantage appears to be the avoidance of a head-on collision between the replicative and transcription machineries, which may also be the case in the other systems. In bacteria with circular chromosomes, another possible advantage of such an arrest system could be to facilitate some postreplicative event, leading to more efficient coupling of chromosome replication, chromosome partitioning, and cell division. Of the systems identified, a number of similarities are apparent. All involve the binding of a specific protein to a short DNA sequence. In B. subtilis the replication terminator protein (RTP) interacts as a dimer with an ϳ30-bp DNA terminator (see reference 39); in E. coli the termination utilization substance (Tus) interacts as a monomer with a 23-bp DNA terminator (see reference 7). The virally encoded Epstein-Barr nuclear antigen type 1 (EBNA-1) interacts as a dimer with a 30-bp sequence located within the origin (oriP) region (12) . In the murine system, rDNA replication is arrested by the transcription termination factor 1 (TTF-1) interacting with an 18-bp sequence known as a Sal box, which is adjacent to a short stretch of downstream guanine and cytosine residues (13) . None of these terminator proteins demonstrate any sequence or structural similarity to each other and neither do their cognate DNA sequences. For E. coli and B. subtilis, this is somewhat surprising, since many of the enzymes and proteins involved in the initiation and elongation of DNA replication are similar. It would appear that the DNA replication arrest systems of these bacteria have evolved independently. Another feature common to these prokaryotic and eukaryotic organisms is the presence of multiple copies of the target DNA sequences to which the proteins bind. With the exception of Epstein-Barr virus, the orientation of these DNA sequences determines the polarity of fork arrest at these sites. Moreover, these protein-DNA complexes also appear to inhibit RNA polymerase in a polar manner (13, 27) .
Resolution of the replication fork-arrest mechanism awaits further study and may indeed be specific to each organism, but it is hoped that progress made with the prokaryotic models may assist in our understanding of the possibly more elaborate eukaryotic systems. The key activity common to the arrest systems of B. subtilis and E. coli appears to be the inhibition of helicase-mediated unwinding of the DNA, a feature also of the EBNA-1 system (9) . At present the precise mechanism of helicase blockage remains unresolved. Is the tight binding (clamping) of a terminator protein to its cognate DNA sequence solely responsible for the prevention of further helicase movement? Or does inhibition of helicase activity involve a specific interaction with the terminator protein on the DNA? The most convincing evidence in support of the helicase-terminator protein interaction are the mutagenesis experiments performed by Manna et al. (26) . They identified two mutants of RTP that were apparently unaltered in their interaction with the DNA but could not block the E. coli replicative helicase. The results of Manna et al. suggested that a specific interaction of residues E30 and Y33 of RTP with a region of the replicative helicase is required for efficient arrest of the replication fork.
The work described here has focused on whether the RTPbased fork-arrest system of B. subtilis is conserved in other Bacillus species. New RTP sequences have been detected in four closely related Bacillus species. Of the 122 residues of RTP, only five positions differ from the amino acid sequence found in B. subtilis. However, their positioning within the folded structure of RTP is significant in view of the proposed functions of certain regions of this structure. Surprisingly, one of the changes was identical to one of those used to suggest that the residue in question specifically interacts with the replicative helicase (26) . The present study has also identified new DNA terminators in the other Bacillus species, leading to the definition of a more comprehensive Bacillus terminator consensus sequence. This has enabled the identification in the recently sequenced B. subtilis chromosome (19) (6) .
Cloning of rtp from B. atrophaeus and B. mojavensis. The chromosomal EcoRI fragments identified in Fig. 2 that contained potential rtp sequences from B. atrophaeus (1.4 kb) and B. mojavensis (2.3 kb) were purified from low-meltingpoint agarose by using a Jetsorb DNA extraction kit (GenoMed, Inc., Beverly Hills, Calif.). These fragments were chosen due to their smaller size, reducing the number of cloning steps required. The fragments were ligated into the multiple cloning site of pGEM3Zf(ϩ) (Promega, Madison, Wis.) and transformed into E. coli DH5␣. The clones which contained the sequences of interest were identified via colony blot hybridization with the rtp probe (0.53 kb). Once identified, the clones containing rtp from B. atrophaeus and B. mojavensis were given the names pAG15 and pAG21, respectively. DNA probes, Southern transfer, and hybridization. After agarose gel electrophoresis of restricted chromosomal DNA, the fragments were transferred to an Amersham Hybond-N membrane with a Bio-Rad vacuum blotter. Two of the DNA probes used to detect rtp in other Bacillus strains were available in the laboratory. These were a 1.0-kb HaeIII fragment from pWS43 containing TerI/ TerIIϩrtp, and a 0.53-kb BamHI fragment from pWS53 containing a promoterless rtp. Two short degenerate oligonucleotides were also used as probes. A 17-mer degenerate oligonucleotide [B site; (AT)ATg(AT)AC(TC)AAAT(gA) TTCA] was derived from TerI to TerVI of B. subtilis 168 (14) and was used to detect the presence of multiple DNA terminators in the other Bacillus strains. To determine which of these bands also contained rtp, an 18-mer degenerate oligonucleotide, TTTAA(gA)CC(gA)AA(TC)CATAC, was based on an alignment of the six rtp sequences. These short oligonucleotide probes were labeled at their 5Ј ends by using polynucleotide kinase under standard conditions and were hybridized to the DNA as described by Williams and Wake (42) . The posthybridization washes were as described by Wood et al. (43) ; 3 M tetramethylammonium chloride was used to give sequence-independent hybridization. To detect nonperfect matches to the oligonucleotide probes, the stringency was lowered by reducing the temperature of the tetramethylammonium chloride washes to 41°C from 52°C so that only those oligonucleotides bound by more than 11 bp should remain hybridized to the membrane. The larger rtp probes were labeled with 32 P by using the Amersham Megaprime DNA-labeling system and were hybridized under standard conditions, that is, at 65°C with two 45-min posthybridization washes in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) followed by another three washes in 1ϫ SSC-0.1% sodium dodecyl sulfate (SDS). To lower this stringency, the temperature was reduced to 58°C, with four posthybridization washes performed in 6ϫ SSC for 20 min, the last two with 0.1% SDS added. A Molecular Dynamics PhosphorImager was used to detect the bound probes.
PCR. DNA amplifications were performed with an automated thermal cycler (FTS-320 Thermal Sequencer; Corbett Research, Sydney, Australia). Each 50-l PCR mixture contained 125 ng of both primers, 100 ng of chromosomal template DNA, 1.5 to 4.5 mM MgCl 2 , 0.8 mM deoxynucleoside triphosphate, the buffer supplied for Tth DNA polymerase (Pharmacia Biotech, Uppsala, Sweden), and a Wax-Aid pellet (Advanced Biotechnologies, Surrey, United Kingdom). The template was denatured at 94°C for 4 min, followed by an incubation at 72°C for 1 min, and then 2.25 U of the DNA polymerase was added. Annealing temperatures ranged from 5 to 20°C below the lowest annealing temperature of the primer in the reaction. For the amplification and sequencing of rtp from other Bacillus strains, primers were derived from the consensus B site of B. subtilis 168 terminators, from within the new rtp sequences, and from a region approximately 50 to 80 bp downstream of rtp found to be almost identical in B. subtilis, B. atrophaeus, and B. mojavensis. For the amplification and sequencing of dnaC from B. mojavensis, three forward and three reverse degenerate primers were derived from an alignment of the helicases dnaC (32) and phage SPP1 G40 (35) from B. subtilis. Fragments obtained from the PCR amplifications were purified with the Jetsorb DNA extraction kit.
DNA replication fork-arrest assays. The plasmid in vivo fork-arrest assay was as described by Smith and Wake (40) . The chromosomal in vivo fork-arrest assay was essentially as described by Franks and Wake (11) . Chromosomal DNA was extracted from an exponentially growing culture and digested with SalI. The replication fork intermediates were detected with a 32 P-labeled 5.2-kb fragment derived from pALI (11) that contained TerIII.
DNA sequencing and analysis. Dye terminator cycle sequencing was carried out at the Children's Medical Research Institute, Westmead, Australia, with the same primers used for PCR. Alignment of DNA and protein sequences were done by using the Australian National Genomic Information Service (ANGIS). Additional DNA terminators in the B. subtilis genome (19) were searched for using the SubtiList database (28) .
SDS-polyacrylamide gel electrophoresis, Western blot transfer, and immunodetection of RTP. Whole-cell extracts from mid-exponential-phase Bacillus cultures were prepared according to the method of Healy et al. (16) , except that the 10-ml pellets were resuspended in 200 l of lysis buffer. Purified RTP was available in the laboratory. The proteins for transfer were separated by SDSpolyacrylamide gel electrophoresis in 1.5-mm 18% (wt/vol) gels as described previously (20) . Proteins were then transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, Mass.) by a procedure outlined by Otter et al. (33) with a Mini Trans-Blot cell (Bio-Rad, Hercules, Calif.) at 28 V (100 mA) for 2 h at 4°C. Immunodetection of proteins was performed with the ECL-Plus detection system (Amersham Corp.) according to the manufacturer's instructions; Tris-buffered saline (pH 7.6) was used, but 5% nonfat dried milk was added to the secondary antibody solution and postprimary antibody washes. The anti-RTP antibodies (1) were purified from rabbit serum with Affigel-10 (BioRad) columns as described by Harry and Wake (15) . These purified primary antibodies were then used at a 1/50 dilution, and the horseradish peroxidaselabeled secondary antibodies (Promega) were used at a 1/1,000 dilution.
Nucleotide sequence accession numbers. The four new rtp sequences have been deposited in GenBank (B. atrophaeus, AF045056; B. amyloliquefaciens, AF045057; B. mojavensis, AF045055; and B. vallismortis, AF045054), as has the partial sequence of dnaC from B. mojavensis (AF045058).
RESULTS
The presence of identical amino acid sequences for RTP in B. subtilis 168 and W23 (25) has raised the question of whether the sequence of RTP is also conserved in other Bacillus strains. This question was partially answered previously by using a Southern hybridization and PCR approach (21 (30) , is shown in the phylogenetic tree (Fig. 1) . To test for the presence of RTP in these four species, a Southern hybridization approach that used B. subtilis 168 rtp as a probe was chosen. Cloning and sequencing of one or more of the hybridizing bands would establish whether they corresponded to sequences that resembled the rtp of B. subtilis. If they did, their sequences would assist in the design of degenerate primers for PCR directly off the chromosome in further strains of Bacillus.
Identification of rtp homologs in four other Bacillus species. An EcoRI chromosomal digest of each species was transferred to a nylon membrane and hybridized to a probe containing TerI/TerIIϩrtp (1.0 kb) from B. subtilis 168 ( (Fig. 2) . The nucleotide sequences were confirmed by three independent PCR amplifications. The validity of this low-stringency PCR was established by showing that the cloned sequences of rtp from B. atrophaeus and B. mojavensis could also be amplified through PCR directly off the chromosome under the same conditions. These latter sequences were found to agree with those obtained with the cloned DNA. In all cases, the new rtp genes were sequenced in both directions.
Features of the nucleotide sequences. The rtp sequences from five Bacillus species were compared with the 366-nucleotide sequence of the rtp-coding region from B. subtilis 168. The percentages of nucleotide substitutions (Table 1) are consistent with these Bacillus strains being in the same relative phylogenetic positions shown in Fig. 1 . The larger number of nucleotide changes in B. amyloliquefaciens and B. atrophaeus agrees with their being the most divergent from B. subtilis 168 of the five organisms listed. Indeed, phylogenetic trees constructed with the very limited rtp nucleotide sequence data gave variable but similar results to that shown in Fig. 1 . The nucleotide substitutions in each of the new rtp sequences are equally distributed among those encoding the four ␣ helices, three ␤ strands, and regions between that make up RTP (5) (see Fig. 3 ). The extreme 3Ј and 5Ј ends of rtp seem to be the most conserved segments in terms of nucleotide sequence. Of the 102 nucleotide substitutions present overall, the majority do not change the amino acid sequence of RTP; 85 are at the third position, and 10 are at the first position of the codon. However, four substitutions at the first, one substitution at the third, and one substitution where the first and second positions are substituted together within a codon do change the amino acid sequence of RTP. In accordance with the likely importance of this protein, the nucleotide sequences required for its expression are also conserved, at least in B. atrophaeus and B. mojavensis. A potential promoter region consisting of a Ϫ10 and Ϫ35 sequence together with a good ribosome binding site are located at the same upstream positions as in B. subtilis. The Ϫ10 sequence is immediately adjacent to a sequence that strongly resembles TerI of B. subtilis 168, a finding consistent with conservation of autoregulation of rtp expression (2). Also, a potential transcription terminator is present at the equivalent position downstream of these two new rtp sequences (not shown).
A noticeable feature of the rtp sequences is that the GC content is lower (35.5 to 40.7%) than that found in the rest of the chromosome (42 to 43.5% [ (37) . The horizontal distances correspond to the magnitude of divergence. composition of most genes within a genome is more similar due to exposure to the same selective and mutational pressures (23) . As a consequence, sequences with atypical characteristics would tend to stand out, suggesting that they may have been introduced via horizontal transfer and as yet have not fully ameliorated to the recipient genome. The average GC content of the B. subtilis 168 chromosome has recently been established as 43.5% (19) . While the content was found to vary throughout the chromosome, only ϳ9% of the protein coding sequences were found to have a GC content equal to or less than that of rtp. It is tempting to hypothesize that a common ancestor may have possessed an rtp gene of low GC content and that insufficient time has elapsed for this gene to have taken on fully the sequence characteristics of the recipient genome. Because the gap between the GC content of rtp and the rest of the chromosome in B. amyloliquefaciens and B. atrophaeus is smaller than the other species examined here, this raises the possibility that they have evolved at a faster rate.
Features of the amino acid sequences. The structural features of RTP from B. subtilis as determined by X-ray crystallography (5) are shown in Fig. 3 . RTP shares the motif of the winged-helix family of DNA-binding proteins, such that when a single dimer of RTP binds to the DNA, the ␣3 helices dock into adjacent major grooves and the two outer ␤2 strands dock into the outer flanking minor grooves of the DNA (34) . Together with the amino-terminal regions of the RTP dimer, the ␣3 helices and the ␤2 strands indicated in Fig. 3B would contact the DNA that would be positioned below the structure as it is shown. Only 5 of the 122 amino acids of RTP were found to differ from those of B. subtilis (Table 1 ). The number of changes in each species, which was greatest in B. amyloliquefaciens and B. atrophaeus, also agrees with the phylogenetic tree (Fig. 1) . All of the side chains of those changed are located on the surface of the protein where they would be exposed to solvent (Fig. 3) . Three of the changes, E47Q, I73V, and V105I, are conservative and unlikely to alter the folded structure or The changes are indicated in only the left monomer, which is less heavily shaded. In binding to the DNA, the dimer is positioned on top of the double helix, such that its lower surface, as well as the unstructured amino-terminal region, make contact with it. The ␣3 helices dock into adjacent major grooves of the DNA, and the ␤2 strands dock into flanking minor grooves (34) . activity of RTP. These replacements are commonly found within proteins (8) . It is also likely that the K112N change, one surface polar residue for another in the ␣4 helix of B. atrophaeus RTP does not significantly cause it to differ from the RTP of B. subtilis. The E47P change in B. amyloliquefaciens, which is immediately outside the ␣2 helix, is an infrequent residue change based on Creighton's analysis (8) . Prolines are generally confined to regions away from ␣ helices and ␤ strands due to their restricted phi angle and subsequent disruptive influence on protein structure, as well as their not possessing an available NH group to participate in H bonding. However, in places where proline can be tolerated, it can actually increase the stability of a protein due to its having a smaller loss of entropy on folding than any other residue (36) . Indeed, proline is easily modeled into RTP at position 47 without straining the local structure or resulting in torsional angles beyond that permitted within the Ramanchandran plot (22) . It is quite likely, therefore, that the E47P change does not influence the folded structure of RTP in a significant way.
The E30K replacement found adjacent to the ␣1 helix of RTP in B. mojavensis is most interesting. This replacement is infrequently observed in proteins (8) . By coincidence, it was this exact amino acid substitution (E30K) that was constructed previously and led to the proposition that E30 specifically interacted with the replicative helicase to arrest replication in vitro (26) . With this mutant RTP, a 50% loss of activity against helicase unwinding in a strand displacement assay was found, together with a complete loss of fork-arrest activity in an in vitro replication assay. The presence of E30K in B. mojavensis is difficult to reconcile with these findings. Why would this amino acid change be found naturally if it were essential to fork arrest? This is the only residue change in B. mojavensis RTP, which excludes the possibility of a compensatory residue change taking place elsewhere in the protein. To examine the possibility of a compensatory change within its helicase, we determined the sequence of most of its gene (i.e., the dnaC homolog) by PCR. The DNA sequence was obtained directly off the chromosome with degenerate primers derived from the genes for two replicative helicases of B. subtilis, DnaC (32) and phage SPP1 G40 (35) . The DNA sequence yielded the amino acid sequence of 373 residues of B. mojavensis DnaC (corresponding to residues 24 to 396 of B. subtilis DnaC). There were only two differences from B. subtilis DnaC, Y to H at position 177 and T to S at position 191. The hinge region of DnaC helicase, which has been proposed to interact with RTP (26), corresponds to amino acid residues 110 to 153 (on the basis of an alignment with E. coli DnaB helicase and the data presented in reference 29). Thus, the putative hinge region of the B. subtilis and B. mojavensis helicases are identical, and the two proteins overall are almost identical.
The functioning of RTP.E30K in fork arrest in B. subtilis was tested directly. In another study we had constructed a plasmid that allows insertion of rtp under spac control into the amyE locus of the rtp-deleted SU187 strain of B. subtilis (unpublished data). The rtp-containing plasmid was altered by oligonucleotide insertion to change the E30 codon to that for K and then inserted into the amyE locus of SU187. These RTPand RTP.E30K-producing strains have been designated SU342 and SU369, respectively. The pWS66-1 fork-arrest assay plasmid containing the TerI terminator (40) was introduced into SU342 and SU369. Figure 4A shows the result of plasmid fork-arrest assays as described previously (40) but in the presence of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Western blot experiments showed that similar levels of RTP and RTP.E30K (slightly less of the latter) were produced in the two strains (data not shown). Lanes 1 and 3 are negative controls in which pWS64-1, lacking TerI, had been introduced into SU342 and SU369, respectively. As expected, only a single plasmid (linearized) band is present; there is no slowly moving band indicative of a forked molecule. On the other hand, lanes 2 and 4, corresponding to the pWS66-1-containing strains producing RTP and RTP.E30K, respectively, show a significant level of retarded fork. Quantitation of the relevant species in each case showed that the E30K-producing strain yielded 140% of the amount of fork (normalized to linear DNA in two independent experiments), as did the wild-type RTP-producing strain. In an extension of this work, the effectiveness of RTP and RTP.E30K in arresting a fork within the bacterial chromosome itself was also assessed. The SU187-derived strains SU342 and SU369 are missing TerI (and TerII) so that TerIII would be the first functionally oriented terminator to encounter the clockwise fork. Figure 4B shows the result of chromosomal fork-arrest assays at TerIII performed as described previously (11) . Lane 1 is a negative control in which the parent plasmid lacking rtp had been inserted at the amyE locus of SU187 (yielding SU341) in place of the rtp-containing plasmid (as used to yield SU342). As expected, there is no detectable forked molecule. On the other hand, strains SU342 and SU369 show similar levels of retarded fork (as well as a degraded arm). From two independent experiments and taking into account the degraded-arm species, it was established that the level of chromosomal fork arrest at TerIII in SU369 was essentially the same (98%) as that in SU342. It is concluded that RTP.E30K is as efficient in in vivo fork arrest in B. subtilis as is wild-type RTP.
Additional DNA terminators. Seven terminus-region chromosomal terminators have been identified in B. subtilis 168 (see reference 14) and two in B. subtilis W23 (25) . Each of the terminators is composed of two adjacent and overlapping sites, A and B. When two RTP dimers are bound, it is the B site of the terminator that encounters the DNA replication fork to cause arrest (40) . The consensus derived from the previously identified B. subtilis 168 and W23 chromosomal terminators is shown at the top of these terminators are shown in boldface. Denoted by an asterisk at nucleotides 5 and 21 are the centers of pseudosymmetry within the A and B sites. The symmetry over the B site (arrows in Fig. 5 ) is more pronounced than over the A site (see reference 39). It is this feature which presumably gives the B site its higher affinity for the symmetrical RTP dimer compared with the A site (24) . In the present study six new chromosomal terminators from other Bacillus strains, which conform to the A-and B-site makeup, were identified. They correspond to TerI and/or TerII, which are located very close to and upstream of rtp in B. subtilis (see Fig. 2 ). The TerI sequence was not obtained from B. vallismortis and B. amyloliquefaciens due to the TerI region being used as one of the PCR primers for amplifying their homologous rtp genes. These new terminator sequences and a new Bacillus chromosomal consensus are shown in Fig. 5 . The importance of the conservation of the B site is highlighted by identical nucleotides being present from nucleotides 13 to 27 in each TerI sequence, except for a guanine at nucleotide 13 in W23. This same region in TerII is identical in all of the strains. The most noticeable feature of the new consensus is the now-variant position at nucleotide 12 in B. amyloliquefaciens and B. vallismortis, within the central trinucleotide (nucleotides 12 to 14 [ Fig. 5]) . The significance of changing the sequence of the central trinucleotide has been previously examined by Smith et al. (39) . Their results suggest that these particular changes would not alter the functioning of these terminators.
Searching the entire B. subtilis 168 genome (19) with the new consensus identified two further terminators, TerVIII (163.8°) and TerIX (187.1°), which matched the consensus sequence perfectly (Fig. 5) . It is significant that both of these lie within the terminus region. The orientation of TerVIII indicates that it would arrest the counterclockwise fork, whereas TerIX would arrest the clockwise fork. The presence of multiple terminators was also examined in the other Bacillus strains. This was performed by using a 17-mer degenerate probe (B site) derived from the terminators of B. subtilis 168 (see Materials and Methods). The five prominent bands detected in B. subtilis 168 were previously assigned to TerI to TerVI (10) , and one of a number of fainter bands was assigned to TerVII (14) . Hybridization at low stringency to a membrane containing EcoRIdigested DNA from B. amyloliquefaciens, B. atrophaeus, B. mojavensis, and B. vallismortis showed five to eight bands of variable intensity (data not shown), a result consistent with the presence of multiple terminators.
Tests for a homolog of RTP in B. licheniformis. In an attempt to identify a more divergent sequence of RTP, B. licheniformis was reexamined due to its likely status as an outgroup to the other strains used in this work (Fig. 1) . Using the Southern hybridization and PCR approaches described here did not produce evidence for the presence of RTP or multiple terminators. Under the hybridization conditions described above, no strong hybridizing band could be detected in three strains of B. licheniformis (data not shown). A few bands of weak intensity were detected with the B-site probe, one of which was cloned and sequenced. However, the hybridizing sequence was found to correspond to a poor B-site sequence with no adjacent A site and is thus unlikely to be a terminator. Western transfer of cell proteins to a membrane and immunodetection with antibodies to RTP of B. subtilis 168 was therefore used. Despite the very low concentration of RTP in the cell (1), RTP could be detected in a whole-cell extract from B. subtilis 168 by using horseradish peroxidase in conjunction with the ECL-Plus detection system (Fig. 6, upper band, lane 2) . The lower band represents one of a few cross-reacting bands that were also detected with this highly sensitive system despite the affinity purification of the RTP antibodies. Lane 3 is a negative control and contains a cell extract from SU187 from which rtp has been deleted (6) . An approximate level of RTP in the B. subtilis cell was estimated by using 5 ng of purified RTP as a standard ( lanes 1 and 8) . The number of RTP dimers per nucleoid was calculated to be less than 150, which is similar to the approximately 100 monomers of Tus estimated to be present in E. coli (see reference 31). Although a significant number of nucleotide differences exist, RTP could be detected in B. atrophaeus and B. amyloliquefaciens (lanes 4 and 5). However, in several experiments, no protein of the size of RTP could be detected in B. licheniformis 5A2 or FD01 (lanes 6 and 7) under these conditions.
DISCUSSION
This work has focused on the level of conservation of the amino acid sequence of RTP in Bacillus species closely related to B. subtilis 168 (B. vallismortis, B. mojavensis, B. amyloliquefaciens, and B. atrophaeus). After determination of the crystal structure of RTP (5), regions of the protein were assigned to potential functions: DNA binding, dimer formation, and contrahelicase (helicase interaction) activity (see reference 3). It was hoped that by determining which residues within RTP were conserved, their importance would be highlighted. Despite a significant number of nucleotide differences in rtp in the four close relatives of B. subtilis (up to 17.2% in B. atrophaeus), only five amino acid residues were changed. The stringent conservation of the primary sequence of RTP emphasizes the importance of the precise folded structure of RTP and its advantage to the cell in spite of the fact that it is not essential for viability (17) . All of the residue changes are located on the exterior surface of the protein (Fig. 3) , where they would be exposed to solvent and therefore least likely to alter the folded structure of RTP. A significant feature of these changes is that the majority are positioned away from the region of RTP thought to contact the DNA. Interestingly, the only change located close to this region, I73V, is very conservative and unlikely to be significant. The high level of conservation of this region of the RTP dimer almost certainly reflects the need to maintain the high affinity of RTP for its DNA terminators and its primary importance to the fork-arrest mechanism. Two of the five changes, E30K and E47P(Q), are located within a region (residues 17 to 49) previously found to share sequence homology with the DNA replication initiation protein DnaB of B. subtilis (18) . The significance of this homology has not been established, but the suggestion of this reflecting a common interaction domain of RTP and DnaB with the replicative helicase (DnaC) has drawn interest to the region and influenced the work of others relating to the possibility of a specific interaction between RTP and the replicative helicase as part of the fork-arrest mechanism (26) . Such work has been interpreted to suggest that E30 and Y33 within this region interact specifically with the helicase. This conclusion has depended upon the use of a strand displacement assay with the E. coli helicase, as well as an in vitro replication fork-arrest assay to measure the activity of RTP. However, identification of the E30K change in the B. mojavensis RTP suggests that this particular residue is not as vital to the contrahelicase activity of RTP as previously proposed. The possibility of a compensatory change being present in the B. mojavensis helicase (DnaC) was eliminated. Furthermore, it was shown that RTP.E30K functioned normally in B. subtilis in vivo. Taken together, these findings strongly suggest that E30 is not directly involved in a specific protein-protein interaction as part of the fork-arrest mechanism of B. subtilis.
The orientation and close proximity of TerI and TerII to rtp (Fig. 2) is also conserved in the other four species of Bacillus, as is the distance between TerI and TerII in B. atrophaeus and B. mojavensis (95 to 100 bp between nucleotide 28 of the opposed terminators [data not shown]). It is quite possible that this distance or the sequence context of TerI in the chromosome has some influence on the efficiency of fork arrest. Smith and Wake (40) found that the fork-arrest activity of TerI in a plasmid assay was enhanced when it was adjacent to TerII, as in the chromosome, but the effect of the flanking sequence on terminator efficiency in B. subtilis has not been fully examined. However, it is interesting that the sequence adjacent to the B site in all of the B. subtilis chromosomal terminators, and three of the six new Bacillus chromosomal terminators, is AT-rich (data not shown). As with the new sequences of RTP, the six new terminators are all extremely well conserved, especially over the B site (Fig. 5 ). It appears that several terminators are present in all rtp-containing Bacillus species which are likely to have similar fork traps based on two groups of opposed terminators.
The detection of two further chromosomal terminators in B. subtilis 168 brings the total to nine (one less than in E. coli [see reference 7] ), which must be close to the complete set which conforms to the A-plus-B-site makeup. The two new terminators conform to the arrangement and location of the previously identified seven. They are located within the terminus region, are outside open reading frames, are adjacent to an AT-rich region, and are appropriately oriented within the replication fork trap. TerVIII (163.8°) is oriented to arrest the counterclockwise fork, while TerIX (187.1°) would arrest the clockwise fork. The latter extends the trap to 9.9% of the chromosome (151.5°to 187.1°). The significance of the smaller fork trap in B. subtilis compared to E. coli (42.5% of the chromosome) is not known. However, it is noteworthy that only 55% of the open reading frames in E. coli are transcribed in the same direction as replication (4), whereas in B. subtilis the figure is much higher at 75% (19) . Possibly, the smaller fork trap in B. subtilis provides more-stringent coordination between these two processes than that tolerated in E. coli.
In a previous study it was concluded that the B. subtilis chromosomal terminator was made up of 29 bp (positions Ϫ2 to 27 of Fig. 5 ), comprising 16-bp A and B sites overlapping by 3 bp (boxed). The high level of conservation of adenine at nucleotide 28, complementary to thymine at position 14, in the total complement of Bacillus terminators now described indicates that the nucleotide 28 position should be included within the consensus terminator. This increases the B site to 17 bp (nucleotides 12 to 28, the region of pseudosymmetry around nucleotide 21 extending from nucleotide 14 to 28) and the overall terminator to 30 bp (nucleotides Ϫ2 to 28).
The number of nucleotide and amino acid changes identified in rtp and its encoded sequence in the four new strains examined here agrees with their established phylogenetic position relative to B. subtilis 168 (Fig. 1) . No evidence to suggest that the relatively closely related B. licheniformis possesses a replication fork system based on RTP could be obtained by Southern hybridization, PCR, and Western immunodetection approaches. However, because of the relatively high level of cross-reactivity of RTP antibodies with additional protein species in the immunodetection work described here, we cannot rule out the possibility that an RTP homolog of a different size is present in B. licheniformis. Alternatively, could the acquisition of the RTP-based fork-arrest system be a relatively recent event, one occurring subsequent to the divergence of B. licheniformis and the progenitor of the "B. subtilis-like" group, with the lower GC contents (Table 1) of the rtp sequences reflecting horizontal transfer from another strain or species? To identify what, if any, fork-arrest system is utilized in B. licheniformis would be of great interest and could provide further insight into the relevance and mechanism of replication fork-arrest systems in general. The sporulation approach originally employed to detect fork arrest at the TerI terminator in B. subtilis as well as for the rtp gene (41) could be employed to search for an analogous situation in B. licheniformis.
